A B S T R A C T During caloric deprivation, the septic host may fail to develop ketonemia as an adaptation to starvation. Because the plasma ketone body concentration is a function of the ratio of hepatic production and peripheral usage, a pneumococcal sepsis model was used in rats to measure the complex metabolic events that could account for this failure, including the effects of infection on lipolysis and esterification in adipose tissue, fatty acid transport in plasma and the rates of hepatic ketogenesis and whole body oxidation of ketones. Some of the studies were repeated with tularemia as the model infection. From these studies, it was concluded that during pneumococcal sepsis, the failure of rats to become ketonemic during caloric deprivation was the result ofreduced ketogenic capacity of the liver and a possibly decreased hepatic supply of fatty acids. The latter appeared to be a secondary consequence of a severe reduction in circulating plasma albumin, the major transport protein for fatty acids, with no effect on the degree of saturation of the albumin with free fatty acids. Also, the infection had no significant effect on the rate of lipolysis or release of fatty acids from adipose tissue. Ketone body usage (oxidation) was either unaffected or reduced during pneumococcal sepsis in rats. Thus, a reduced rate of ketone production in the infected host was primarily responsible for the failure to develop starvation ketonemia under these conditions.
A B S T R A C T During caloric deprivation, the septic host may fail to develop ketonemia as an adaptation to starvation. Because the plasma ketone body concentration is a function of the ratio of hepatic production and peripheral usage, a pneumococcal sepsis model was used in rats to measure the complex metabolic events that could account for this failure, including the effects of infection on lipolysis and esterification in adipose tissue, fatty acid transport in plasma and the rates of hepatic ketogenesis and whole body oxidation of ketones. Some of the studies were repeated with tularemia as the model infection. From these studies, it was concluded that during pneumococcal sepsis, the failure of rats to become ketonemic during caloric deprivation was the result ofreduced ketogenic capacity of the liver and a possibly decreased hepatic supply of fatty acids. The latter appeared to be a secondary consequence of a severe reduction in circulating plasma albumin, the major transport protein for fatty acids, with no effect on the degree of saturation of the albumin with free fatty acids. Also, the infection had no significant effect on the rate of lipolysis or release of fatty acids from adipose tissue. Ketone body usage (oxidation) was either unaffected or reduced during pneumococcal sepsis in rats. Thus, a reduced rate of ketone production in the infected host was primarily responsible for the failure to develop starvation ketonemia under these conditions. The liver of the INTRODUCTION During acute or prolonged starvation, the body increases its circulating plasma concentrations of ketones, and these are used as a source of energy by tissues such as skeletal muscle and eventually brain (1) . This ketonemic adaptation to starvation reduces the need for energy derived from glucose calories, which in turn spares body protein by decreasing the rate of amino acid usage for glucose synthesis. However, there is a general failure of ketonemic adaptation to occur dunrng caloric deprivation associated with severe sepsis in man, monkey, or rodent (2) (3) (4) (5) (6) . Because of the lack of alternative fuels during severe sepsis, skeletal muscle breaks down protein and increases the usage of amino acids, especially the branched-chain ones, as a source of energy (7) . This results in an increased production and release from skeletal muscle of alanine and glutamine, the major substrates used by liver and kidney for gluconeogenesis, ureagenesis and ammoniagenesis. Thus, the failure of the severely septic host to develop starvation ketonemia can explain, in part, the marked increases in urea and ammonia nitrogen excretion and elevated rates of 02 consumption associated with the catabolic aspect ofthis disease (7, 8) .
The rate of ketone body formation is a function of both the influx of free fatty acids from peripheral fat deposits to the liver and the extent of hepatic ketogenesis (9-13). In turn, the blood concentration of ketone bodies (acetoacetate and /3-hydroxybutyrate) is a function of both the rate of hepatic production and peripheral usage (14, 15 (8, 16) . When rats were made septic by cecal ligation and subjected to a 2-d fast period, plasma free fatty acid concentrations were decreased and fat mobilization appeared to be reduced as compared to measurements made in fasted control rats (5) . In contrast, in preliminary studies on perfused livers of infected rats, ketone body production was decreased frQm oleic acid but not from octanoic acid (17) . The present in vivo and in vitro studies were initiated to help elucidate the mechanisms by which sepsis is able to prevent the ketonemic adaptation to starvation during caloric deprivation in rats. A rat-virulent, gram-positive coccus, Streptococcus pneumoniae, was employed to study the effects of sepsis on lipolysis and esterification in adipose tissue, fatty acid transport, hepatic ketogenesis and the rate of oxidation of ketone bodies. Some of the studies were repeated during infection with an obligate intracellular bacterium, Francisella tularensis. (18, 19) . In most studies, samples were obtained from fed or fasted rats 24 or 48 h after inoculation with either heat-killed or virulent organisms.
METHODS
In vitro rates of lipolysis and esterification in epididymal fat pads. The fat pads were quickly removed, weighed and used to measure in vitro rates of production and release of glycerol and free fatty acids (FFA), as well as FFA esterification, by the procedure of Vaughan (20) . One fat pad from each rat was used to determine initial concentration of FFA and glycerol, whereas the contralateral fat pad was incubated at 370C for 1 h in Krebs bicarbonate media that contained 3% fatty acid-poor bovine albumin (CalbiochemBehring Corp., American Hoechst Corp., San Diego, Calif.).
At the end of the incubation period concentration of glycerol (21) and ofFFA (22) in both tissue and media were determined by automated techniques.
In vivo rates ofoxidation ofprelabeled bodyfat. Rats were injected intragastrically with 1 ml/100 g body wt of a solution that contained 6 ,uCi/ml of [carboxyl-14C] Another group of 12 rats, which had been maintained for 7 d after their oral dose of labeled tripalmitin, were placed in individual, closed-circuit, metabolic, cages that allowed for complete collection. of urine, feces, and expired CO2 (24) . The rats were allowed access to food during the 1st d. On day 1 after being placed in the metabolic cages, food was removed; six rats were injected subcutaneously with virulent S. pneumoniae and six with heat-killed organisms. Complete expired CO2, urine, and feces collections were continued for the next 2 d and all samples were analyzed for 14C content. Rats were then killed by cervical dislocation, and analyzed for lipid and 14C content, as described before. These data were used to calculate the daily rate of '4CO2 production and percentage of loss of radioactivity in total body lipid.
Measurement of plasma albumin and molar fatty acid: albumin ratio. Plasma albumin concentrations were determined by automated immunoprecipitin techniques (25) employing rabbit anti-rat albumin and rat albumin standard (N. L. Cappel Laboratories, Inc., Cochranville, Pa.). Another standard of plasma was analyzed for FFA content by automated procedures (22) . The molar concentration of albumin was calculated by assuming that a gram of albumin was equivalent to 14.9 iLmol.
Measurement ofhepatic ketogenesis andfatty acid metabolism in vivo and in vitro. Liver perfusions were performed using a modification of the apparatus of Miller (26) as described (27) . The perfusion medium consisted of 70 ml Krebs-Ringer bicarbonate buffer (pH 7.4), 30 ml of washed sheep erythrocytes, 3 g of fatty acid-poor, bovine serum albumin (Calbiochem-Behring Corp.), and 500 U of heparin. The atmosphere in the closed perfusion system consisted of 95% of 0°and 5% CO2. Perfusion of the liver was maintained at -1 ml/min per g; the perfusate was recycled. At the end of a 60-min equilibration period, 2.5 ml of a 20-mM solution of either oleic or octanoic acid-albumin complex, which contained 1 ,uCi/ml of corresponding [1-14C] oleic acid or [1-14C] octanoic acid (New England Nuclear) was injected into the perfusion media. After the initial pulse dose, labeled fatty acid solution was infused at the rate of 6 ml/h. The infusion rate was maintained constant by use of a syringe-driven constant infusion pump (Razel Scientific Instruments, Inc., Stamford, Conn.) and CO2 was collected in an absorbent scintillation mixture (24, 28) . A 3-ml sample of the perfusate was removed at 0, 15, 30, 45, and 60 min and analyzed for FFA (22) , f3hydroxybutyrate (29) , and acetoacetate (15) . The rate of ketogenesis was calculated from the slope of the plot of total ketones in the media vs. time. At the end of the 1-h infusion, the liver was removed, frozen in liquid nitrogen, weighed, and stored at -20°C. The pulverized, frozen liver was analyzed for total lipid concentration and radioactivity (13, 28) . A sample ofthe CO2 absorbent-scintillation fluid was analyzed for 14C content (18) . A sample of the perfusate was saved for the determination of radioactivity in the ketone bodies by the procedure of McGarry and Foster (13, 28) .
Measurement ofhepatic carnitine and derivatives, malonylCoA and rate ofketogenesis by isolated mitochondria. Livers were removed and analyzed for free camitine, acid-soluble acylcamitines and acid-insoluble acylcarnitines according to the method of Pace et al. (30) . Malonyl-CoA was determined by both the procedures of McGarry et al. (31) and Guynn et al. (32) .
Mitochondria were prepared from total liver as described (33, 34) . Oxygen consumption during the oxidation of oleic acid was monitored using a Clark-type oxygen electrode. The reaction mixture contained in a final volume of3.0 ml potassium Krebs-Henseleit bicarbonate buffer, pH 7.4; sodium oleate, 0.1 mM, bound to 0.8% albumin (molar ratio fatty acid:albumin = 0.95); ATP, 4 mM; L-camitine, 0.1 mM; CoASH, 0.05 mM, and 3-5 mg mitochondrial protein. These conditions yielded oxidation rates that were maximal and linear for 12 min, at which time the contents of the chamber were transferred to tubes that contained 0.3 ml of 70% HC104. The extract was neutralized and assayed for acetoacetate (15) (15, 26) and radioactivity (13, 29 
RESULTS
By 24 h after inoculation of S. pneumoniae or LVS strain of F. tularensis, rats were characterized by an elevation of body temperature and other clinical indicators from the acute-phase of the infectious illness. In contrast, by 48 h after initiating each kind of infection, the rats had a decrease in body temperature, appeared morbid, and died within the next 10 h. Therefore, they were considered to be in the agonal stage of the infection. Fasted rats given heat-killed organisms did not develop a fever and served as fasted controls for each infected group. In vitro and in vivo effects of infection on rates of lipolysis and fatty acid esterification and transport. The weight of epididymal fat pads progressively decreased during fasting but no significant difference was observed between fat pads of rats inoculated with live or heat-killed S. pneumoniae (Table I) . Both glycerol and FFA production was increased during the in vitro incubation of fat pads from fasted rats as compared to fed controls. However, no significant effect of S. pneumoniae infection was observed in these studies as compared to fasted controls ( Table I ). The calculated rate of fatty acid esterification was increased at 24 and 48 h in fasted rats and was slightly, but not significantly, slower in the fasted-infection group (Table I ). The percentage of esterification of the fatty acids, produced as a result of lipolysis of triglycerides, was significantly less in fasted rats compared to fed controls and was not altered from fasting values in the presence of a pneumococcal infection.
When rats were given an oral dose of ['4C]tripalmitin, followed in 1 h with a glucose load, -85-90% of the label was associated with total body lipids 7 d later. When fed a purified diet (23), they lost 6.8% of the label per day in expired CO2 (Table II) . During fasting, the rate of loss increased to 9.3 and 15%, respectively at 24 and 48 h. Pneumococcal sepsis imposed upon fasting did not alter the rate of loss of label in the expired CO2 when compared to fasted controls.
Both plasma albumin and FFA concentration were progressively decreased in the fasted pneumococciinfected rats as compared to fasted controls (Table III) . Maximum depression in plasma albumin and FFA concentrations were observed in the 48-h infected rats. The molar fatty acid:albumin ratio was -2 in fasted (Table  IV) . When the livers were perfused with octanoic When ['4C]oleic acid was added to the perfusate, the rate of hepatic usage of the label and "4CO2 production was similar in livers from fasted rats studied 48 h after inoculation of the heat-killed or live S. pneumoniae (Table V) . In contrast, incorporation of label into ketones was significantly reduced, whereas the formation of labeled lipids was significantly increased in the livers of fasted-infected rats compared to the fasted controls (Table V) . Livers from fasted rats had a reduced weight and lipid content compared to those of the fed group (Table VI) . Livers from fasted-infected rats were increased in both weight and lipid content as compared to fasted controls. Livers from the fasted rats 48 h after inoculation with S. pneumoniae incorporated significantly more of either labeled octanoic or oleic acid into the lipid fraction than livers from rats studied at 24 h or fasted controls (Table VI) . In all groups the rate of incorporation of labeled octanoic acid into total lipid was significantly less than when [14C]oleic acid was perfused.
When compared to fasted controls, the liver from rats 48 h after inoculation with S. pneumoniae contained slightly more free camitine, and a significantly increased acid soluble acylcarnitine (short chain), whereas no difference was observed in acid insoluble acylcarnitine (long chain) content (Table VII) . When hepatic malonyl-CoA concentration was determined by the procedure of McCarry et al. (31) , significantly (P < 0.01) lower values were obtained in fasted rats as compared to fed, but no difference was observed between infected and heat-killed controls (Table VII) . Similar results were obtained when hepatic malonylCoA was measured by the technique of Guynn et al. (32) . Hepatic mitochondria isolated from fed, fasted or S. pneumoniae-infected rats showed similar rates of state three and state four respiration, respiratory control index, and ADP:O ratio (6, 17, 34) . No significant differences were observed in the ability of isolated mitochondria to convert fatty acids to ketones in livers from fed, fasted or infected rats (Table VII) .
In vivo rate ofusage ofketone by infected rats. After an intravenous injection ofB_-[14C]hydroxybutyrate, the rate of labeled CO2 production was similar in fasted rats inoculated 24 or 40 h previously with either heatkilled or live organisms. In contrast, the rate of 14CO2 Thus, from both in vivo and in vitro studies of depot fat, it may be concluded that the inhibition of calorierestricted ketonemia during pneumococcal sepsis in rats is not the result of altered rates of lipolysis or esterification. However, despite the elevated energy requirement associated with fever (2, 4), fatty acid mobilization did not increase in the infected rat, which could explain why epididymal fat did not decrease more than was observed in fasted controls.
In general, plasma FFA concentrations are decreased during sepsis in man and experimental animals (5, 6, 8, 16) . This decrease can be the result of an increased rate of usage, a decrease in the concentration of the FFA transport protein (albumin), and/or depression in the rates of release of fatty acids from adipose tissue.
Both plasma albumin and FFA concentrations were markedly reduced during pneumococcal sepsis in these rats, but the molar fatty acid:albumin ratio was very similar to that observed in fasted controls. Thus, decreased plasma FFA content was correlated with the depression in plasma albumin concentration in fastedinfected rats.
An important regulator of this mechanism is the concentration of unbound free fatty acid that is in equilibrium with the albumin-bound fatty acids at the site of transport into the cell. Because the affinity of binding of the fatty acid to albumin decreases with increased fatty acid saturation, the unchanged fatty acid:albumin ratio in the infected rat should favor transport into liver at a rate similar to that found in a fasted rat. This possibility can only be tested by measurement of arterial-venous differences across the liver of the infected host.
To overcome the possible effects offatty acid supply, in vivo studies on the effect of infection on hepatic rates of ketogenesis were carried out with excess exogenous source of fatty acids. When an intravenous lipid load was given to a rat during pneumoncoccal sepsis, plasma triglyceride and FFA disappearance was faster than that observed in fasted controls. Despite an elevated rate of breakdown of triglycerides and usage of FFA, a slower accumulation of plasma ,S-hydroxybutyrate was observed in the septic rat as compared to its fasted controls. Thus, it may be concluded that the fatty acids from the lipid load are being deposited in either lipid or adipose tissue. This conclusion was supported by the progressive increase in lipid content and rate of incorporation of labeled oleic acid in the livers from fasted-infected rats compared to controls. As increase in triglyceride synthesis could help to explain the fatty metamorphosis that has been observed in hepatocytes during sepsis (35) .
To evaluate further the effects of infection on rates of hepatic ketogenesis studies were carried out with isolated livers perfused with long-and medium-chain fatty acids. When oleic acid (a long-chain FFA) was used as a substrate to study regulation of ketogenesis, livers from fasted rats had a threefold enhancement in the rate of ketone production compared to those of fed rats. This effect of fasting is very similar to the observations reported by McCarry and Foster (29) and indicates that the procedure used in these studies was an adequate model for studying the regulation of ketogenesis in the isolated perfused liver system. The livers from fasted rats 48 h after inoculation of S. pneumoniae or 24 or 48 h after F. tularensis had much lower rates of ketogenesis compared to fasted noninfected controls. These observations clearly indicated that both of these infections depressed the ketogenic capacity of the liver when the rat was subjected to complete caloric restriction. In livers from rats infected with pneumococci, the reduced rate ofketogenesis was not related to an altered rate of uptake of oleic acid by the perfused livers.
When octanoic acid (a medium-chain FFA) was utilized as a substrate to study regulation of ketogenesis, only very minimal enhancement of ketone production was observed in livers offasted rats compared to those in the fed group. Further, the S. pneumoniae infection had little effect on the rate of ketogenesis when isolated livers were perfused with this medium-chain fatty acid. The small decrease in the later stages of the F. tularensis infection may be related to a reduced uptake of fatty acid by liver. Data from these studies support the conclusions of McGarry and Foster (13, 28) that the major regulatory mechanisms for the oxidation oflong-chain fatty acids is not operative when mediumchain fatty acids serve as a ketogenic substrate.
McGarry and Foster (13, 28) have presented evidence to indicate that the increased ketogenic capacity of livers from starved or diabetic rats appears to result mainly from an increased ability of the liver to transport activated fatty acids from cytosol to the mitochondria. The transport of long-chain fatty acids into mitochondria is catalyzed by "carnitine acyltransferase" (carnitine palmitoyltransferase, EC 2.3.1.21), which is an enzyme system comprised of carnitine acyltransferase I and II (36) . Since the infection-related decrease in ketogenic capacity of liver was only observed when long-chain fatty acids were used as substrate, it may be hypothesized that the infectious process exerts some inhibitory effects on a carnitine acyltransferase system of the liver.
From the data on "4CO2 production from oleic acid and the oxygen consumed by isolated mitochondria, it may be concluded that Krebs cycle activity was not significantly altered in the liver during pneumococcal sepsis. Because ketogenesis was not altered in isolated mitochondria, it can be concluded that carnitine acyltransferase was not rate-limiting in the liver of infected rats. The apparent lack of correlation in the rate of ketogenesis in perfused liver with that in homogenates or isolated mitochondria has been observed by other investigators (33, 34) and has been related to a possible loss of cytoplasmic regulatory factors that are disturbed by homogenization and isolation of the mitochondria. One such factor, hepatic carnitine content, has been suggested by McGarry and co-workers (37) as a possible regulator of ketogenesis, but the increases in hepatic carnitine in the infected rat suggest that this was not responsible for the reduced ketogenic capacity ofthese livers. Preliminary observations have suggested that the livers of infected rats have a reduced concentration of total acid-soluble CoA and acyl-CoA (38) . The intra-and extramitochondrial distribution of the reduced CoA content of the liver of infected rats could be related to their decreased ketogenic capacity.
Livers from fasted-infected rats also incorporated labeled carbon from octanoic acid into liver lipids at a faster rate than did their fasted controls. Because octanoate is not known to be used directly for triglyceride synthesis (13, 36) , an increased amount of the acetyl-CoA, from ,8-oxidation in the mitochondria, was transported to the cytoplasm and subsequently used for the synthesis of C-16 and C-18 fatty acids in livers from infected rats. One of the intermediates in fatty synthesis is malonyl-CoA, which could play a role in regulation ofthe rate of hepatic ketogenesis in mealfed rats (33) . Because no significant differences were observed in the hepatic concentration of malonylCoA in infected rats, this intermediate is probably not responsible for the reduced hepatic ketogenesis during sepsis.
From these studies, it may be concluded that the general failure of ketonemic adaptation to starvation to occur during the caloric deprivation associated with severe sepsis is a result of both a reduced ketogenic capacity of the liver and a possibly decreased supply of fatty acids. Further, from the studies with labeled ,8-hydroxybutyrate and acetoacetate, it is apparent that the failure of ketonemia to develop during caloric restriction in the infected host is probably not the result of the increased usage of ketones by peripheral tissues. Because of the marked decrease in total body ketone pool and the inability to increase lipolysis during fever, the septic host increases the breakdown of body protein and usage of amino acids as a source of energy, with a resulting elevation of gluconeogenesis, ureagenesis, and ammoniagenesis (7, 8) .
